Edited by Alex Toker c-Myc is a proto-oncogene controlling expression of multiple genes involved in cell growth and differentiation. Although the functional role of c-Myc as a transcriptional regulator has been intensively studied, targeting this protein in cancer remains a challenge. Here, we report a trimodal regulation of c-Myc function by the Ras effector, Ras-association domain family member 7 (RASSF7), a nonenzymatic protein modulating proteinprotein interactions to regulate cell proliferation. Using HEK293T and HeLa cell lines, we provide evidence that RASSF7 destabilizes the c-Myc protein by promoting Cullin4Bmediated polyubiquitination and degradation. Furthermore, RASSF7 competed with MYC-associated factor X (MAX) in the formation of a heterodimeric complex with c-Myc and attenuated its occupancy on target gene promoters to regulate transcription. Consequently, RASSF7 inhibited c-Myc-mediated oncogenic transformation, and an inverse correlation between the expression levels of the RASSF7 and c-Myc genes was evident in human cancers. Furthermore, we found that RASSF7 interacts with c-Myc via its RA and leucine zipper (LZ) domains and LZ domain peptide is sufficient to inhibit c-Myc function, suggesting that this peptide might be used to target oncogenic c-Myc. These results unveil that RASSF7 and c-Myc are functionally linked in the control of tumorigenesis and open up potential therapeutic avenues for targeting the "undruggable" c-Myc protein in a subset of human cancers.
The RAS oncogenes are central players in many human cancers. Ras mutants are associated with poor prognosis in many cancers. Ras performs its biological functions through downstream molecules known as Ras effectors (1) (2) (3) . In the past decade, a distinct class of Ras effectors has been identified known as Ras Association Domain Family of proteins (RASSF) 2 that are characterized by the presence of Ras association (RA) domain (RalGDS (Ral guanine nucleotide dissociation stimulator) and AF6 (ALL-1 fusion partner from chromosome 6) (4). The RASSF family consists of 10 members and based on the location of the RA domain, they are subdivided into two groups namely classical RASSFs, also known as C-terminal RASSFs (RASSF1-6) and N-terminal RASSFs (RASSF7-10) (5) . Most of the RASSF family members are known to be down-regulated in various human cancers by epigenetic modifications (6) . RASSF7 was initially identified as HRC1 (H-RAS1 cluster1) located upstream of H-RAS on chromosome 11 (6) . Previous reports suggest that RASSF7 plays a critical role in regulating microtubule dynamics and inhibits the pro-apoptotic signaling by promoting phosphorylation of MKK7 and regulates cell proliferation (7) (8) (9) (10) . On the other hand, RASSF7 is reported to be down-regulated by promoter hypermethylation in neuroblastoma (11) and is a key regulator of necroptosis (12) . Together, these reports suggest a delicate network of pathways that RASSF7 might be regulating to control cell growth in a contextdependent manner. However, the mechanisms remain poorly understood. We therefore attempted to explore the role of RASSF7 in cell growth regulation. In the present investigation, we unveiled a novel regulatory mechanism by which RASSF7 promotes c-Myc degradation through E3-ubiquitin ligase CUL4B and alters the expression of c-Myc target genes. In addition, RASSF7 blunts c-Myc-dependent DNA synthesis and cell proliferation. Collectively, our data provide evidence that RASSF7 may be a novel regulator of oncogenic c-Myc function in human cancers.
Results

Inverse correlation of RASSF7 and c-Myc expression in human cancers
RASSF7, the first member of the N-terminal RASSF family is shown to regulate cell cycle (7) (8) (9) (10) but the mechanisms remain unknown. Toward understanding the mechanism, we first analyzed the expression pattern of genes that are critical for cell cycle regulation such as p21 (CDKN1A), p27 (CDKN1B), and Cdc42 in the presence of RASSF7. Interestingly, results from RT-qPCR analysis indicate that ectopic expression of RASSF7 up-regulated p21, p27, and Cdc42 levels (Fig. 1A) . It is worth mentioning that these genes are known to be down-regulated by c-Myc to promote cell proliferation (13, 14) . This prompted us to investigate the existence of cross-talk between c-Myc and RASSF7 during tumorigenesis. Toward this, we analyzed the correlation between RASSF7 and c-Myc expression in various human cancers. Pearson correlation analysis was performed with log 2 fold-change expression of RASSF7 and c-Myc transcripts across different cancer tissues retrieved from the Bio-Xpress database (15) . Analysis indicates a negative correlation (Pearson r value Ϫ0.4107) between the expression levels of RASSF7 and c-Myc in various human cancers (Fig. 1B) . To further strengthen this association, expression status of RASSF7 and c-Myc were analyzed in cancer cell lines. Results from Western blot analysis suggest a negative correlation (Pearson r value Ϫ0.3147) between RASSF7 and c-Myc protein levels in tested cancer cell lines ( Fig. S1 ). Taken together, these data suggest the existence of an inverse correlation between RASSF7 and c-Myc expression in human cancers. This leads to the hypothesis that the interplay between RASSF7 and c-Myc may be essential to regulate tumorigenesis.
RASSF7 destabilizes c-Myc through E3 ligase Cullin4B
It is well established that deregulation (amplification and altered protein stability) of c-Myc oncoprotein plays a crucial role during tumorigenesis (16) . To understand the mechanism and relevance of the observed negative correlation of RASSF7 and c-Myc expression in human cancers, we first investigated whether RASSF7 alters the c-Myc protein levels in cells. To prove this, HEK293T cells transfected with control or RASSF7 expression plasmids were treated with cycloheximide and the c-Myc protein levels were determined by Western blotting at different time intervals. Results from a cycloheximide chase assay suggest that the half-life of the c-Myc protein is ϳ45 min (Fig. 1C, lanes 1-4) . With RASSF7 expression, c-Myc protein half-life was reduced to 28 min (Fig. 1C , lanes 5-8) suggesting that RASSF7 promotes c-Myc protein destabilization. Toward understanding the mechanism, we first determined the c-Myc protein levels upon RASSF7 expression with a proteasomal inhibitor (MG132). Interestingly, MG132 is able to rescue RASSF7-mediated destabilization of c-Myc protein levels (Fig.  1D, lanes 3 and 4) . These results suggest that RASSF7 destabilizes c-Myc protein levels. It is well known that the deregulated ubiquitin-proteasome pathway is critical to modulate c-Myc protein levels in cancers where amplification was not observed (17, 18) . Together, these data lead to the hypothesis that RASSF7 may alter c-Myc protein levels through ubiquitination. Toward this, the status of c-Myc ubiquitination was analyzed in the presence of RASSF7 in HEK293T cells with endogenous ubiquitin as well as with HA-ubiquitin. Results from a ubiquitination assay indicate that RASSF7 promotes the polyubiquitination of c-Myc (Fig. 2, A and B, lane 2) . These data suggest the possibility that RASSF7 may alter c-Myc stability. To further understand the mechanism of RASSF7-mediated degradation of c-Myc, RASSF7 was ectopically expressed in HEK293T cells and the expression levels of different E3 ligases known to be involved in c-Myc ubiquitination were analyzed by RT-qPCR. We observed a significant increase of E3 ligase Cullin4B (CUL4B) levels in the presence of RASSF7 expression ( Fig.  S2A ). To confirm this, the expression status of CUL4 family 
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members (CUL4A and CUL4B) was checked under RASSF7 expression and knockdown conditions. Interestingly, CUL4B not CUL4A transcript levels were altered by RASSF7 ( Fig. 2C and Fig. S2B ). Furthermore, CUL4B protein levels were reduced upon depletion of RASSF7 by specific shRNA (Fig.  S2B ). To define the role of CUL4B on c-Myc degradation, the status of c-Myc ubiquitination was checked upon co-expression of dominant-negative CUL4B (DN-CUL4B) and CUL4A (DN-CUL4A) in the presence of RASSF7. Results indicate that DN-CUL4B not DN-CUL4A was able to specifically alter RASSF7-induced ubiquitination of c-Myc (Fig. 2D, lanes 3  and 4) . In addition, depletion of CUL4B by specific shRNA rescued RASSF7-induced c-Myc ubiquitination (Fig. 2E , lane 4). Together, these data provided evidence that RASSF7 up-regulates E3 ligase CUL4B expression to promote c-Myc degradation.
RASSF7 down-regulates transcriptional activity of c-Myc
c-Myc is a well-known transcription factor controlling expression of genes that are involved in various cellular functions, including its own promoter. We next tested whether RASSF7 modulates c-Myc-mediated gene transcription. Toward this, RASSF7 was expressed in HEK293T cells and c-Myc mRNA levels were measured by RT-qPCR. Interestingly, RASSF7 reduced endogenous c-Myc mRNA levels ( Fig. 3A ). To understand the mechanism, c-Myc promoter activity was measured in the presence of RASSF7 expression. To our surprise, RASSF7 reduced the c-Myc promoter activity ( Fig. 3B ). Together, these data provide evidence that RASSF7 modulates c-Myc activity both at transcriptional and post-translational levels. To further define the effect of RASSF7 on c-Myc function, RASSF7 was co-expressed with c-Myc in HEK293T cells and the cell cycle profiles were analyzed by flow cytometry. Results in Fig. 3C indicate that RASSF7 significantly altered the status of c-Myc-mediated G 1 and S phases of cell cycle. These data suggest the possibility that RASSF7 may block c-Mycinduced G 1 /S phase progression. To confirm this, the rate of DNA synthesis was measured in the presence of RASSF7 and c-Myc expression. RASSF7 decreased c-Myc-induced DNA synthesis, as indicated by the reduced BrdU incorporation upon co-expression of RASSF7 with c-Myc ( Fig. 3D ). Collectively, these data reveal that RASSF7 regulates S phase progression by blocking c-Myc-induced DNA synthesis. We next analyzed whether RASSF7 alters the expression of c-Myc target genes, which are involved in cell cycle regulation by RT-qPCR. Interestingly, RASSF7 repressed the expression of Cyclin D1, Cyclin D2, Trap1, and CDK4 ( Fig. 3E ) that are usually up-regulated by c-Myc. In contrast, RASSF7 rescued the c-Myc-induced repression of p21, p27, and Cdc42 expression ( Fig. 3E ). These data suggest that RASSF7 alters cell division by modulating the expression of c-Myc target genes that are known to play a critical role in cell proliferation. To explore the mechanism of RASSF7-mediated alteration of c-Myc transcriptional activity, we quantified the occupancy of c-Myc on the target promoters in the presence of RASSF7 by ChIP-qPCR. Interestingly, results in Fig. 3F and Fig. S2C indicate that RASSF7 attenuates the occupancy of c-Myc on target gene promoters. The RASSF8 promoter, which lacks E-box (c-Myc binding motif), served as negative control. Although, we observed a significant change in the transcriptional activity of c-Myc, a marginal decrease in the occupancy of c-Myc on the target promoters was observed. We therefore, next determined whether RASSF7 alters the c-Mycmediated recruitment of co-factors to the target gene promoters necessary for transactivation. Earlier reports have suggested that the recruitment of co-activator, TRRAP by c-Myc is essential to activate the transcription of target genes (19) . ChIP-Western blotting and co-immunoprecipitation assays confirmed that RASSF7 abrogated the c-Myc-dependent recruitment of the co-activator TRRAP to the target gene promoters (Fig. 3G, bottom panel, and lanes 3, 4, 7, and 8) . Collectively, these data provide evidence that RASSF7 alters c-Mycmediated recruitment of transcriptional co-activator to the target gene promoters and control c-Myc transcriptional activity.
RASSF7 interacts with c-Myc and modulates its transcriptional activity
It is well documented that c-Myc forms heterodimer with Max through leucine zipper domains and occupies the E-box (c-Myc-binding motif) on the target gene promoter to regulate transcription. Based on the results from the current investigation, we hypothesized that RASSF7 blocks the recruitment of transcriptional co-activator by disrupting the formation of the heterodimeric complex between c-Myc and Max on target gene promoters. To confirm this possibility, we first tested whether RASSF7 interacts with c-Myc or Max. Immunoprecipitation experiments using HEK293T cell lysates indicate that RASSF7 specifically interacts with c-Myc (Fig. 4A , lanes 5 and 6) but not with Max (Fig. 4A, lane 4) . Furthermore, co-immunoprecipitation assay confirms the existence of c-Myc and RASSF7 interaction in cells ( Fig. 4B ). In addition, molecular dynamics simulations revealed that the binding free energy (⌬G°) for the c-Myc/Max heterodimeric complex is Ϫ76.95 kcal/mol ( Fig.  4C , Video S1), whereas it is Ϫ80.58 kcal/mol for the c-Myc/ RASSF7 heterodimeric complex ( Fig. 4D , Video S2). These results suggest that RASSF7 might compete with Max to form a stable heterodimeric complex with c-Myc. To further define this possibility, a competitive binding assay was performed with increasing concentrations of RASSF7 keeping the concentration of Max constant. Results indicate that a dose-dependent increase of RASSF7 levels resulted in increased formation of the c-Myc/RASSF7 complex with a gradual decrease in the c-Myc/ Max complex suggest that RASSF7 competes with Max to form a heterodimeric complex with c-Myc (Fig. 5, A and B) . We next checked whether the formation of a heterodimeric complex between c-Myc and RASSF7 alters c-Myc-dependent transcription. To address this, RASSF7 was co-expressed with c-Myc and Max and the mRNA levels of c-Myc-induced genes (CyclinD1 and CyclinD2) as well as repressed genes (p21 and p27) were analyzed by qPCR. Interestingly, RASSF7 inhibits the c-Myc/Max-induced expression of CyclinD1 and CyclinD2 and rescued the c-Myc/Max-repressed p21 and p27 expression in a dose-dependent manner (Fig. 5C ). Taken together, these data provide evidence that RASSF7 specifically interacts with c-Myc and consequently alters c-Myc-dependent transcription.
RASSF7 regulates c-Myc function RASSF7 interacts with c-Myc through RA and LZ domains
We next mapped the domains in RASSF7 critical for its interaction with c-Myc. Various N-terminal deletion constructs of RASSF7 were generated ( Fig. S3A ) and transfected in HEK293T cells. Significant reduction of RASSF7 301-374 interaction with c-Myc (Fig. S3B, lane 8) indicated that the interacting domain might be located between amino acids 250 and 300 of RASSF7. Detailed analysis of amino acids within 250 -300 of RASSF7 indicated the presence of a helix-loop-helix-leucine zipper domain (HLH-L-Zip), which is known to be involved in protein-protein and protein-nucleic acid interactions (20, 21) . In addition, there is one more leucine-rich domain present 
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within the N terminus of RASSF7 ( Fig. S3C ). To find out the involvement of RASSF7 leucine zipper domains for its interaction with c-Myc, various RASSF7 mutants were generated ( Fig.  S3C ) and the co-immunoprecipitation assay was performed. Surprisingly, all leucine variants of RASSF7 interacted with c-Myc similar to WT RASSF7 (Fig. S3D ) indicating a possibility for the involvement of an additional domain in RASSF7 on c-Myc interaction. We next generated various C-terminal deletion variants of RASSF7 ( Fig. S3E ) and analyzed their interaction with c-Myc. Interestingly, RASSF7 mutants without L-Zip domains retain interaction with c-Myc as like full-length RASSF7 (Fig. S3F, lanes 3-6) confirms that the presence of an additional domain within the N terminus of RASSF7 might be responsible for the observed RASSF7 interaction with c-Myc. To confirm the participation of RASSF7 HLH-L-Zip domain in the c-Myc interaction, we generated expression vector containing a RASSF7 HLH-L-Zip domain alone as fusion with GFP and exchanged all leucine residues ( Fig. S4A) . Interestingly, the HLH-L-Zip domain is able to interact with c-Myc, such as fulllength RASSF7 and replacement of leucine residues abrogated its interaction with c-Myc (Fig. 5D, lane 4) . This was further substantiated by molecular dynamics simulations indicating a weak ⌬G°(⌬⌬G°ϭ ϩ6.39 kcal/mol) for the c-Myc/RASSF7 HLH-L-Zip L-A complex (Fig. S4B and Video S3). These results suggest that leucine residues might be critical for the formation of a stable heterodimeric complex between the HLH-L-Zip domains of c-Myc and RASSF7. To identify the additional c-Myc interacting domain within the RASSF7 N terminus, we first compared the RASSF7 N-terminal sequence with known a c-Myc interaction domain of p21 (CDKN1A). The analysis 
indicated a conservation of amino acid motifs within the RA domain of RASSF7 with p21 ( Fig. S4C ). We next replaced the amino acids (indicated in box) that are conserved between p21 and the RA domain as well as the leucine residues within HLH-L-Zip domain of RASSF7 (Fig. S4D) . Results from the co-immunoprecipitation experiments indicate that RASSF7 variants with mutations in either RA or the HLH-L-Zip domain retain WT interaction with c-Myc (Fig. 5E, bottom  panel, lane 3 and 4) . Interestingly, mutations in both RA and HLH-L-Zip domain (RASSF7 MUT ) completely abrogated RASSF7 interaction with c-Myc (Fig. 5E, bottom panel,  lane 5) . Taken together, these data suggest that RASSF7 interacts with c-Myc via both RA and leucine zipper domains independently.
RASSF7 interaction with c-Myc is critical to inhibit cell proliferation
To understand the functional consequences of the RASSF7 interaction with c-Myc, we determined the cellular localization of c-Myc in the presence of RASSF7 by immunofluorescence assay. Interestingly, a c-Myc-specific signal was significantly reduced in cells expressing WT RASSF7. In contrast, c-Myc signals were not altered in cells expressing a c-Myc interactiondeficient mutant of RASSF7 (RASSF7 MUT ) (Fig. 6, A and B) . 
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These data lead to the hypothesis that the RASSF7 interaction with c-Myc may be critical to deplete the cellular c-Myc protein level. To confirm the specificity of RASSF7-mediated c-Myc destabilization, the status of c-Myc ubiquitination was measured in HEK293T cells ectopically expressed with RASSF7 WT or RASSF7 MUT . Interestingly, RASSF7 MUT failed to induce polyubiquitination of c-Myc (Fig. 6C, lane 3) . These data support our hypothesis that the RASSF7 interaction is critical for c-Myc polyubiquitination. We next probed the relevance of the RASSF7 interaction on c-Myc-induced cell proliferation. HEK293T cells were transiently expressed with RASSF7 WT or RASSF7 MUT in combination with c-Myc and Max and performed a BrdU incorporation assay. Expression of RASSF7 WT not RASSF7 MUT inhibited c-Myc-induced DNA synthesis (Fig.  6D, Fig. S5 ) indicating that the RASSF7 interaction is required for modulating the c-Myc function during the cell cycle. In addition, RASSF7 blocked c-Myc-induced cell proliferation as indicated by a lesser number of colonies in WT but not in the c-Myc interaction-deficient mutant (RASSF7 MUT ) expressing HEK293T cells (Fig. 6E ). A similar pattern was observed in HeLa cells as well (Fig. S6A ). Furthermore, RASSF7 WT is able to significantly inhibit the cell migration even in the presence of 
c-Myc but RASSF7 MUT failed to alter c-Myc-dependent cell migration (Fig. S6, B and C) . Collectively, results from this investigation provide evidence that the RASSF7 interaction with c-Myc is critical to modulate c-Myc-induced cell proliferation and migration. To define the physiological relevance of the RASSF7/c-Myc heterodimeric complex formation with cell growth status, HeLa cells were subjected to serum starvation followed by treatment with epidermal growth factor (EGF) for different time points and checked their interaction. Interestingly, RASSF7 and c-Myc interaction was observed in serumstarved cells but complex formation was disrupted when cells were treated with EGF ( Fig. 7A) . These results suggest that the dissociation of RASSF7 from the RASSF7/c-Myc complex may be critical for c-Myc to induce cell proliferation under favorable growth conditions. Taken together, these data implicate that the cross-talk between RASSF7 and c-Myc might play a critical role in cell growth regulation.
RASSF7 inhibits c-Myc-induced cell transformation
To understand the importance of RASSF7 function during tumorigenesis, the transformation assay was performed with the immortalized mouse embryonic fibroblast cell line NIH3T3 (22) to check whether RASSF7 expression alters the c-Myc-dependent cell transformation. Results suggest that ectopic expression of RASSF7 significantly reduced the colony-forming ability of NIH3T3 (Fig. 7B) . In contrast, knockdown of RASSF7 significantly increased the colony-forming ability of NIH3T3 cells (Fig. S7A) . The efficiency of RASSF7 depletion was confirmed by RT-qPCR (Fig. S7B) . We subsequently depleted RASSF7 and c-Myc expressions individually and in combination by specific shRNAs and tested the effect of RASSF7 on Myc-mediated transformation of immortalized NIH3T3 cells. Interestingly, an increased number of colonies were observed in the RASSF7 knockdown condition and this effect was reversed when both c-Myc and RASSF7 were depleted together (Fig. 7C) . Collectively, these results suggest that RASSF7 regulates c-Myc-induced cell transformation, thereby controlling cell proliferation during tumorigenesis.
RASSF7-LZ peptide is sufficient to modulate c-Myc function
To further test the hypothesis that RASSF7 may be used to target c-Myc function, the RASSF7 leucine zipper domain 
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(RASSF7 251-300 ) WT (RASSF7-LZ) and mutant peptide (RASSF7-LZ L-A ) were designed as described under "Materials and Methods" and chemically synthesized. HEK293T cells were treated with WT and mutant RASSF7-LZ peptides and checked their interaction with Myc by co-immunoprecipitation followed by Western blot analysis with the indicated antibodies. Results indicate that WT not mutant peptide was able to interact with c-Myc (Fig. 8A, lane 3) , which supports that the leucine zipper domain of RASSF7 independently interacts with c-Myc. Interestingly, the complex formation between c-Myc and Max was reduced upon treatment with WT peptide (Fig. 8A, upper  panel, lane 3) compared with mutant peptide or untreated cells suggest that the RASSF7-LZ peptide might interfere with the c-Myc/Max complex formation by interacting with c-Myc. Furthermore, our results suggest that the RASSF7-LZ peptide inhibits the cell proliferation (Fig. S7C) as well as colony-forming ability of cells (Fig. 8B) . To extend the ability of the RASSF7-LZ peptide to impinge on c-Myc function, transcript levels of c-Myc transcriptional targets were analyzed upon treatment of RASSF7-LZ or RASSF7-LZ L-A peptide. Results indicate that WT not mutant RASSF7-LZ peptide was able to inhibit c-Myc-dependent transcription of target genes in a dose-dependent manner (Fig. 8C ). In addition, RASSF7-LZ peptide treatment reduced the endogenous c-Myc level when compared with RASSF7-LZ L-A peptide-treated cells (Fig. S7D) . For the first time, the data from these experiments provide crucial evidence that RASSF7-LZ peptide alone is sufficient to modulate c-Myc function and may have potential therapeutic application to control c-Myc activity in a subset of human cancers.
Discussion
With the aim to understand the mechanism of the nonenzymatic Ras effector, RASSF7 function in human cancers, the current study demonstrates that RASSF7 is a novel interactor of c-Myc and inhibits c-Myc oncogenic functions at multiple levels (Fig. 9 ). The steady-state level of c-Myc was altered by many E3 ligases in a context-dependent manner (23) (24) (25) (26) . Myc oncogene family members are known to be amplified in multiple human cancers and are key driver molecules regulating oncogenesis (27) (28) (29) (30) . Many approaches have been strategized to target c-Myc in human cancer (31) (32) (33) . Attempts were made to engineer E3 ligases to target c-Myc for efficient degradation in cancers (34, 35). In addition, several small molecule inhibitors 
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have been developed to inhibit c-Myc function for better management of c-Myc driven cancers (23, 36) . However, c-Myc family members encode transcription factors to carry out essential functions in normal cells, rendering it a major challenge to target c-Myc function making c-Myc a prototypical example of a "undruggable target" (31) . Our data provide strong evidence that RASSF7 destabilizes oncogenic c-Myc protein.
Available literatures (16, 17) clearly indicate that accumulation of more oncogenic c-Myc protein in the lymphoblastic leukemia without gene amplification suggests that the stability of c-Myc protein was altered. On the other hand, RASSF7 expression was repressed in leukemia due to promoter hypermethylation (37) . This interplay between RASSF7 and c-Myc may open up new avenues to exploit RASSF7 as a potential molecule for therapeutic intervention of c-Myc-driven cancers like lymphoblastic leukemia.
Formation of heterodimeric complex between c-Myc and Max is a prerequisite to activate a canonical c-Myc-mediated transcriptional regulatory pathway (38). c-Myc/Max heterodimeric complex occupies the E-box motif in the target gene promoters and recruits the transcriptional co-activators to trigger the transcription of target genes (21, 38) . Several small molecule inhibitors have been designed to disrupt c-Myc/Max dimers and to inhibit c-Myc-induced transformation (39) . Biochemical assays and molecular dynamics simulations revealed that RASSF7 forms a stable complex with c-Myc thereby inhibiting the assembly of the active c-Myc/Max heterodimer. In addition, RASSF7 inhibits the expression of c-Myc-activated target genes that are required for cell proliferation as well as the colony-forming ability of immortalized cells by altering c-Myc activity. Furthermore, under favorable growth conditions (in the presence of epidermal growth factor) we found that RASSF7 did not form a complex with c-Myc suggesting the existence of tight regulation of RASSF7 and c-Myc cross-talk during cell proliferation.
Therapeutic peptides targeting the interaction between oncogenes have seen wider applications in cancer treatment regimens. Novel peptides that have been designed to inhibit signaling cascades are proving to be a viable alternative to chemical small molecule inhibitors due to low off-target effects and more specificity (40) . There have been attempts to develop a synthetic inhibitory peptide to inhibit c-Myc/Max interaction (39, 41) . Applications of synthetic peptides, although superior to small molecules inhibitors, are hindered by limited knowledge about the precise molecular functions of the developed novel peptides. To circumvent such drawbacks, development of peptides from endogenous proteins could be a more practical approach. Interestingly, data from the current investigation suggest that the RASSF7-LZ peptide interacts with c-Myc and is sufficient to impinge on c-Myc activity. Although further 
analysis on precise molecular function of the RASSF7-LZ peptide is warranted, the data from this study indicate that RASSF7-LZ may have potential therapeutic applications to control c-Myc-dependent cancers and may be a potential molecule targeting the otherwise "undruggable" c-Myc.
A recent report suggests that RASSF7 might be a candidate target in c-Myc-driven cancers (42) . Here, we report for the first time that RASSF7 inhibits c-Myc-mediated DNA synthesis and arrest the "S" phase progression of the cell cycle. In addition, RASSF7 destabilizes the c-Myc protein and modulates its oncogenic function. These results suggest that RASSF7 may be a potential candidate regulator of the cell division cycle and impinges on c-Myc-induced cell proliferation. This study is a unique demonstration of a functional link between the nonenzymatic RAS effector, RASSF7, and c-Myc to control cancer cell growth and potential application of LZ peptide as a possible drug molecule, which enables the undruggable c-Myc as a potential therapeutic target in c-Myc-driven human cancers. Conceivably, the expression status of RASSF7 and c-Myc may be used as biomarkers for designing better strategies for the management of cancers.
Materials and methods
Cell culture and transfection
HEK293T, HeLa, SCC131, AGS, IMR32, SKBR3, COLO 829, HCT 116, and NIH3T3 cell lines were maintained Dulbecco's modified Eagle's medium (Life Technologies) with 10% fetal bovine serum (Gibco) and 1% antibiotic-antimycotic (Life Technologies). Polyethylene imine (PAL Lifesciences) was used for transfection.
Plasmid construction and mutagenesis
RASSF7 and its deletion expression constructs were constructed by amplifying ORF from peripheral blood mononuclear cell cDNA library using appropriate primers and cloned between KpnI and EcoRV sites of pCDNA3-GFP plasmid. Point mutations were performed using appropriate primers with QuikChange II Site-directed Mutagenesis Kit (Agilent) as per the manufacturer's protocol. Primers used for cloning are indicated under Table S1 . pcDNA3-DN-hCUL4A-FLAG (Addgene plasmid number 15821) and pcDNA3-DN-hCUL4B-FLAG (Addgene plasmid number 15822) were a gift from Wade Harper (43) .
Antibodies and chemicals
Anti-GFP, anti-TRRAP, anti-RASSF7 (Santa Cruz), anti-FLAG, anti-HA, and anti-␤-actin (Sigma), anti-c-Myc, anti-Max, anti-CUL4B, anti-glyceraldehyde-3-phosphate dehydrogenase, and anti-laminin (Cell Signaling Technology Inc.) antibodies were used for immunoblot analysis. Chemicals used were: MG-132 and cycloheximide (Abcam, UK).
Real Time-quantitative PCR (RT-qPCR), immunoprecipitation, and Western blotting
RT-qPCR, immunoprecipitation, and Western blotting were performed as described previously (44) . Primers used for RT-qPCR are described under Table S2 .
BrdU incorporation assay
For BrdU assay, cells transfected with the indicated plasmids were pulsed for 4 h with BrdU after 48 h of transfection. Cells were fixed, permeabilized, and stained with anti-BrdU antibodies conjugated with allophycocyanin), followed by total DNA staining with 7-aminoactinomycin as per the manufacturer's protocol (BD Biosciences). The amount of BrdU incorporation was analyzed in BD FACSCanto II (BD Biosciences) using FAC-SDIVA software (BD Biosciences).
Luciferase assay
Luciferase assay was performed as described previously (45) .
Cell cycle analysis and ubiquitination assay
Cell cycle and ubiquitination assays were performed as described elsewhere (46) .
ChIP
ChIP analysis was performed as described previously (47) using the indicated antibodies. For ChIP-Western blot analysis, the eluted proteins from the immune complex were resolved in SDS-PAGE (5-15% gradient) followed by Western blot analysis with indicated antibodies.
Fluorescent microscopy
Cells were transfected with the indicated plasmids. After 48 h of transfection, cells were fixed with 4% paraformaldehyde and permeabilized with 0.1% Triton X-100. Cells were then immunostained with anti-c-Myc antibodies overnight at 4°C followed by secondary antibodies conjugated with Alexa Fluor 594 (Molecular Probes). 4Ј,6-Diamidino-2-phenylindole was used to stain nucleus. Images were acquired in AxioObserver.Z1 inverted microscope with Apotome (Carl Zeiss, Germany) using ZEN software (Carl Zeiss, Germany). At least 50 cells in each condition were imaged to calculate the fluorescence intensity. Myc intensity was normalized by subtracting the background intensity from the Myc-stained cells and was plotted as graph.
Database analysis
Pan cancer gene expression data from BioXpress database (https://hive.biochemistry.gwu.edu/cgi-bin/prd/bioxpress/ servlet.cgi) 3 was downloaded for RASSF7 and c-Myc as described previously (45) and correlation analysis was performed.
Lentivirus generation and infection
Lentiviruses expressing shRNA specific to CUL4B (TRCN 0000006532) (Sigma) and RASSF7 (clone ID: V2LHS_172434 and V3LHS_411167) (Dharmacon) were generated in HEK293T cells as per the manufacturer's protocol. Supernatant containing viral particles were collected and used to infect the indicated target cells in the presence of hexadimethrine bromide (8 mg/ml).
Colony formation assay
Colony formation assay was performed as described previously (48) . Percentage survival was calculated using the following formula: plating efficiency ϭ number of colonies counted/ number of cells plated; surviving fraction ϭ (number of colonies counted/number of cells plated)/plating efficiency of control. Each experiment was repeated three times with biological triplicates. Mean Ϯ S.D. were plotted in the respective graphs.
In vitro cell wound-healing assay
For wound-healing assay, cells were transfected with the indicated plasmids and were subjected to serum starvation after 36 h of transfection. After 48 h of transfection, the wound was generated and wound closure was imaged at different time intervals using Cytell (GE Healthcare). The total wound area was calculated and the percentage of wound closure was plotted in a graph.
Molecular dynamics simulations
The structure of Myc/Max complex (PDB code 1NKP) was used as a template to build Myc/RASSF7 HLH-L-Zip complex (49) . Unrestrained simulations were performed for 40 ns in TIP3P solvent using AMBER12 (50) and ff12SB force field (51, 52) . Energy minimization and equilibrations were performed as described elsewhere (53, 54) . The binding free energies (⌬G°) were calculated using MM-PB(GB)SA methods (55) (56) (57) (58) .
RASSF7-LZ peptide development
RASSF7-leucine zipper domain peptide (RASSF7-LZ) comprising amino acids 251-300 was designed as a fusion protein with the TAT cell penetrating sequence and FLAG tag as mentioned below. Amino acids indicated as bold underlined letters were mutated to alanine in mutant peptide (RASSF7-LZL-A): GYGRKKRRQRRRGDYKDDDDKGQSAEVQGSLALVSRAL-EAAERALQAQAQELEELNRELRQCNLQQFIQQTG.
Peptides were synthesized by Synpeptide (Shanghai, China) at Ͼ95% purity and stored at Ϫ20°C as lyophilized powder aliquots to avoid freeze-thaw cycles. Stock solution of 1 mM was prepared by dissolving in PBS and stored as aliquots in Ϫ20°C. For cell treatment, a working concentration was achieved by diluting in Opti-MEM.
Peptide treatment of cells
In peptide-treatment assays, cells treated with peptide (at a concentration of 20 M wherever not indicated) for 8 h were harvested, lysed in Nonidet P-40 lysis buffer and subjected to immunoprecipitation as described above under "Immunoprecipitation and Western blotting." For RT-qPCR assays, cells were treated with peptides for 18 h with Opti-MEM containing the indicated concentration of peptide and levels of transcripts were analyzed by RT-qPCR as described above.
Statistical analysis
Statistical analyses were carried out using GraphPad Prism 5 (GraphPad Software, San Diego, CA). Data are represented as mean Ϯ S.D. from triplicates. Statistical significance indicated by p value was calculated using Student's unpaired t test (*, p Ͻ 0.01; **, p Ͻ 0.01; ***, p Ͻ 0.001).
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